I. INTRODUCTION
The structure and spectroscopy of small silicon-carbon clusters is an area of active experimental and theoretical study. These clusters are convenient systems for spectroscopic investigation because they tend to possess large electric dipole moments and hence intense rotational spectra that can often be detected with sensitive microwave techniques. 1 They also provide a computational challenge for theory because the silicon atom may be either singly or multiply bonded to adjacent carbon atoms in the cluster, an ambiguity that often results in a large number of chain and ring isomers of comparable stability. 2 Small silicon-bearing molecules play important roles in astrophysics, 3 in chemical vapor deposition, 4 and in the formation of thin films. 5 Their role in astrophysics is emphasized by the radioastronomical detection of both diatomic and polyatomic molecules with silicon, including two silicon-carbide chains ͑SiC and SiC 4 : Refs. 6, 7͒, two rings of similar composition ͑c-SiC 2 and c-SiC 3 : Refs. 8, 9͒, and SiS, 10 SiO, 11 and SiN. 12 On the basis of a short discovery paper 13 and laboratory work presented here, a new siliconbearing radical, SiCN, was recently detected in the expanding shell of the evolved carbon star IRCϩ10216 by Guélin et al. 14 Very little experimental data is presently available on hydrogen-bearing silicon carbides of the form SiC n H beyond SiCH, 15, 16 or on nitrogen silicon carbides of the form SiC nϪ1 N. Both chains are isovalent to the well-known laboratory and astronomical radicals C nϩ1 H and C n N, so there may be similarities in their chemical bonding and in their roles as chemical intermediates. Laboratory detection of these silicon-bearing radicals might allow a systematic study of how electronic structure and bonding change with chain length and how these differ from those of other isovalent chains. With precise rest frequencies in hand, specific, highly sensitive radioastronomical searches can also be undertaken.
By means of Fourier transform microwave ͑FTM͒ spectroscopy of a supersonic molecular beam, the three siliconbearing linear radicals SiC 4 H, SiC 5 H, and SiC 6 H shown in Fig. 1 have been detected. In addition, we give a detailed account here of the laboratory work on three isovalent chains SiCCH, SiCN, and SiNC ͑Fig. 1͒ that were recently detected with the present FTM spectrometer here and with a millimeter-wave absorption spectrometer as well. 13 All six radicals have 2 ⌸ ground states and a well-resolved hyperfine structure in their lower rotational transitions. All except SiC 5 H have a regular fine structure with the 2 ⌸ 1/2 ladder lowest in energy and resolved lambda-type doubling.
II. EXPERIMENT

A. Centimeter-wave measurements
Rotational lines of the radicals here were first detected at centimeter wavelengths with an extremely sensitive FTM spectrometer that has been used to detect over 80 new reactive molecules during the past five years. 17 This instrument presently operates from 5 to 43 GHz, and is equipped with a low-noise microwave receiver that can be cooled together with the large confocal cavity of the spectrometer to the temperature of liquid nitrogen. 18 It is automated to the point that rotational spectra can be rapidly acquired either in a search mode, where individual spectra, each limited in spectral range by the confocal cavity to about 0.5 MHz, are stitched together, or in a single-scan mode where individual spectra are recorded at many different preselected frequencies. 19 Data acquisition is under computer control in either mode. A rotational line of a known molecule is routinely monitored for calibration.
The same supersonic molecular beam source used to detect five new silicon carbides ͑SiC 3 , SiC 5 , SiC 6 , SiC 7 , and SiC 8 . Ref. 20͒ was employed in the present investigation. The optimal gas mixture consisted of silane ͑0.1%-0.2%͒ and either diacetylene or cyanoacetylene ͑0.2%͒ heavily diluted in neon. The best source conditions were similar to those used before: a 1100-1500 V dc discharge applied in the throat of the supersonic nozzle, a 200 s duration gas pulse, and a stagnation pressure behind the nozzle of 2.5 kTorr. For the longer radical chains, the strongest lines were again obtained with slightly less silane ͑0.1%͒ and higher discharge voltages ͑1500 V͒.
The laboratory detection of SiCCH, SiCN, and SiNC benefitted from ab initio calculations that narrowed the search for the rotational transitions to a frequency range of roughly 1% ͑for SiCCH: Refs. 21, 22; for SiCN and SiNC: Ref. 23͒ . On the basis of these calculations, SiCCH was detected first, its rotational constant differing by only 0.7% from that predicted. By scaling the theoretical rotational constants of SiCN and SiNC calculated at the same level of theory ͑i.e., multiplying by the ratio of the measured rotational constant of SiCCH to that calculated͒, the rotational lines of both were predicted even better: to 0.2%.
For SiC 4 H, SiC 5 H, and SiC 6 H, laboratory searches were based on ab initio geometries of the silicon carbides SiC n 24 by simply appending a hydrogen atom to the carbon chain with a C-H bond length of 1.06 Å. Rotational constants for each radical were calculated from these structures and then scaled by the ratio of the experimental B value to the calculated B value for SiCCH. Rotational transitions predicted in this way were accurate to about 1%. For SiC 4 H and SiC 6 H, lambda-doubling constants were scaled from SiCCH by the ratio of the rotational constants.
Ab initio calculations [21] [22] [23] indicate that the ground states of SiCCH, SiCN, and SiNC are X 2 ⌸, but do not specify whether the fine structure is regular ͑with the 2 ⌸ 1/2 rotational ladder lowest in energy͒ or inverted ͑with the 2 ⌸ 3/2 ladder lowest͒. By analogy with C 3 H 25 and CCN, 26, 27 we assumed that the fine structure was regular. For the three longer chains we assumed that the fine structure alternates with the number of carbon atoms, as it does in the isovalent C n H radicals 28 after C 4 H. On this assumption, the 2 ⌸ 1/2 ladder is predicted to be lower in energy for SiC 4 H and SiC 6 H, and the 2 ⌸ 3/2 ladder lowest for SiC 5 H.
B. Millimeter-wave measurements
Following spectroscopic detection at centimeter wavelengths, the millimeter-wave spectra of SiCCH, SiCN, and SiNC were subsequently detected 13 with the same free-space spectrometer recently used to study two isomers of SiC 3 . 20, 29 The same experimental conditions that were found to optimize lines of linear triplet SiC 3 and other silicon carbides (c-SiC 2 , c-SiC 3 , etc.͒ also produce the strongest signals of SiCCH: a gas mixture of silane, acetylene, and argon in the molar ratio of 12:6:1, a 0.5 A dc discharge with a total pressure of ϳ30 mTorr, and cooling of the large glass discharge cell to 120 K. The addition of molecular nitrogen to the precursor mixture in the ratio of 12 ͑SiH 4 ͒: 9͑N 2 ͒: 6͑H 2 C 2 ͒: 1͑Ar͒ produced the best signals for SiCN and SiNC. The relative line intensities of SiCCH, SiCN, and SiNC were 1:5:1, with those of SiCCH approximately twice as intense as those of the ground state rhomboidal isomer of SiC 3 . On adopting the ab initio dipole moments of 1.4, 2.9, and 2.0 D for SiCCH, SiCN, and SiNC, 23, 21 respectively, and from a comparison of their line intensities to that of C 17 O, the concentrations were estimated to be 5ϫ10 9 , 6ϫ10 9 , and 2 ϫ10 9 cm Ϫ3 , respectively. Under the same conditions, the abundance of SiCCH is only a factor of 5 less than that of c-SiC 2 , which is 2.5ϫ10 10 cm Ϫ3 . Millimeter-wave spectroscopy enabled the fine structure constant A and the leading centrifugal distortion constants of SiCCH, SiCN, and SiNC to be determined. The rotational temperature of molecules in our supersonic beam source is generally quite low ͑in the vicinity of 3 K͒, and there is evidence that the population of the fine structure levels of open-shell molecules like those here is characterized by an excitation temperature that is comparably low. Because the upper fine structure ladder lies above the ground state ladder by the fine structure interval A, which is of the order of 100 K, only rotational transitions within the lower-lying fine structure ladder are appreciably populated in our supersonic beam, and the higher ladder could not be detected. The millimeter-wave detection of rotational lines in both fine structure ladders, however, is readily achieved in a glow discharge such as ours where the rotational temperature is greater than 100 K, and that allows a detailed characterization of the centrifugal distortion as well-information that may be useful in at least three ways: ͑i͒ to provide additional evidence for the identification, ͑ii͒ to measure better centrifugal shifts to the top of the radio band, and thereby ͑iii͒ to determine precisely the frequencies of rotational transitions, which are likely to be of the greatest astronomical interest.
III. RESULTS AND DATA ANALYSIS
A. SiCCH, SiCN, and SiNC
Hyperfine structure ͑hfs͒ was observed for all three molecules in the lowest rotational transitions of the 2 ⌸ 1/2 fine structure ladder. The three lowest rotational transitions (JЈ р3.5) of SiCCH ͑Table I͒ and SiCN ͑Table II͒ fall within the range of the FTM spectrometer, but only the lowest two of SiNC ͑Table II͒ because of its somewhat larger rotational constant. For each radical detection of the Jϭ3/2→1/2 transition, absent in the 2 ⌸ 3/2 ladder, confirmed the ground state assignment. Owing to lambda doubling and hfs from the hydrogen I(H)ϭ1/2 or nitrogen nucleus I(N)ϭ1, the rotational Designation of e and f levels on the assumption that the hyperfine constant d is positive.
b Estimated 1 measurement uncertainties are 2 kHz. Observed minus calculated frequencies ͑O-C͒ are derived from the constants in Table III. transitions were split into a number of components, generally six for SiCCH and ten for SiCN and SiNC. In initial fits to the lowest rotational transitions using a standard effective Hamiltonian for a molecule in a 2 ⌸ electronic state, 30,31 the rotational constant B, centrifugal distortion D, and lambdadoubling constant pϩ2q were varied along with the hyperfine constants. These include ͑i͒ the diagonal term a Ϫ ϭa Ϫ(bϩc)/2, ͑ii͒ the off-diagonal term between the two fine structure components b, ͑iii͒ the parity-dependent term d, ͑iv͒ the quadrupole constant eQq 0 for SiCN and SiNC, and ͑v͒ the nonaxially symmetric component eQq 2 for SiNC. 32 With the fine structure constant A constrained at 100 K ͑71 cm Ϫ1 ͒, and the other constants ͑e.g., the spin-rotation constant ␥͒ constrained to zero, these fits reproduce the centimeter-wave data to an accuracy of better than 2 kHz for each species.
Following the assignment of the centimeter-wave transitions, global fits that include the previously reported millimeter-wave laboratory data 13 were undertaken. For SiCCH, SiCN, and SiNC more than 18 millimeter-wave rotational transitions, each split by lambda doubling, were measured in the 2 ⌸ 1/2 and 2 ⌸ 3/2 ladders between 140 and 400 GHz. For each radical, at most eight spectroscopic constants in addition to the hyperfine coupling constants were required to reproduce the experimental data to the measurement uncertainty: the spin-orbit constant A, the spinrotation constant ␥, the rotational constant B, the centrifugal distortion constant D, and the lambda-doubling constants p ϩ2q, (pϩ2q) D , q, and q D . Following the approach adopted for the strong Hund's case ͑a͒ radical SiH 33 where Aӷ2BJ, A D was set to zero and the combinations Aϩ␥ and ␥, and pϩ2q and q were fit instead of the individual constants owing to the high correlation between A and ␥, and p and q. The hyperfine constants derived from the global fits were nearly identical to those calculated from the centimeterwave data alone, and the rms of the global fits are comparable to those obtained from the millimeter-wave data. The derived spectroscopic constants which take all the data into account are given in Table III .
Because the atomic spin-orbit coupling constants of Si and C differ by nearly a factor of 5 ͓A͑Si͒ϭ149 cm Ϫ1 vs A͑C͒ϭ29 cm Ϫ1 : Ref. 34͔, the molecular A values provide a fairly unambiguous determination of where the unpaired electron is localized along each chain. All three radicals here have large fine structure constants (Aϭ55-70 cm Ϫ1 ), implying that the unpaired electron is localized mainly on the Si atom. Theoretical calculations are in agreement with this conclusion. The equilibrium Si-X bond length in each radical ͑1.75-1.87 Å: Refs. 21-23͒ is very close to either a canonical Si-C or Si-N single bond, as one would expect from valence bond diagrams if the unpaired electron is localized on the Si atom.
Although the SiCCH and SiCN fine structure constants are very similar in magnitude, the SiNC constant is somewhat smaller, by about 20%. Most plausibly, this decrease reflects a slight difference in bonding between SiNC and the other two radicals, such that the unpaired electron spin density on the Si atom in SiNC is reduced relative to that in either SiCCH or SiCN. Other interpretations, however, are possible. The true fine structure constant of SiNC might be larger, for example, if a strong Renner-Teller interaction with a low-lying excited bending mode occurs in this molecule. Additional theoretical calculations to determine the energies of the low-lying vibrational and electronic states, and additional experiments on isotopic species to determine molecule structures and hfs coupling constants at each atomic position along the chain might help clarify the chemical bonding in these three isovalent radicals.
B. SiC 4 H, SiC 5 H, and SiC 6 H
As in SiCCH hfs was also observed in the lower rotational transitions of the three longer radical chains, and lambda doubling was observed in SiC 4 H and SiC 6 H as well. The measured transition frequencies of SiC 4 H, SiC 5 H, and SiC 6 H are given in Tables IV-VI, and for the two longest radicals here the observed transitions are shown in the energy level diagram in Fig. 2 . Sample FTM spectra of SiC 5 H and SiC 6 H are shown in Figs. 3 and 4 , respectively. The measurements for each chain were analyzed in the same way as the SiCCH centimeter-wave data, on the assumption that the fine structure constant A in each case was 71 cm Ϫ1 ͑i.e., the SiCCH value͒. At most, seven free parameters were required to reproduce the experimental data to a rms of better than 2 kHz: B, D for each species; pϩ2q and (pϩ2q) D for SiC 4 H and SiC 6 H, and up to three hfs constants a ϩ or a Ϫ , b, and d. For SiC 4 H, if either (pϩ2q) D or b was not adjusted, the rms of the fit increased by nearly a factor of five, and there are small systematic offsets of 3-7 kHz in the residuals. For SiC 5 H, neglecting b increased the fit rms by a factor of 3, from 1 to 3 kHz. The derived spectroscopic constants are summarized in Table III. The present identifications are subject to very little doubt. Our new molecules are almost certainly radicals because the rotational transitions are separated in frequency by ratios of odd integers ͑i.e., half-integer angular momentum quantum numbers͒, and their lines exhibit the expected Zeeman effect; lines of SiC 5 H are Zeeman broadened or split as expected when a permanent magnet is brought near the molecular beam, owing to the large magnetic g factor in a 2 ⌸ 3/2 state, while lines of SiC 4 H and SiC 6 H are essentially unchanged when the same magnetic test is performed, owing to the very small magnetic g factor in a 2 ⌸ 1/2 state. The observed lines also pass several other standard tests: the lines are only found in the presence of an electrical discharge through gas containing SiH 4 , as expected for a siliconbearing molecule, and the lines vanish when diacetylene is replaced with deuterated diacetylene, indicating a hydrocarbon molecule.
The identification of the three radicals is also supported by extremely strong spectroscopic evidence. The rotational constant of each chain is within 1% of that predicted, and the centrifugal distortion constant is close to that expected from the stiffness of similar silicon-carbon chains. 20 The absence of lines at subharmonic frequencies confirms that the carriers cannot be significantly larger or heavier molecules than those claimed. Moreover, the lambda-doubling constant pϩ2q in the 2 ⌸ 1/2 state of SiC 4 H and SiC 6 H can be predicted to better than 2% by scaling from SiCCH on the assumption of pure precession, and the lambda-doubling constant q of SiC 5 H is expected to be extremely small by extrapolation from SiCCH. This constant is, in fact, so small that no such splitting was resolved in our SiC 5 H spectra at a resolution of 5 kHz.
The hyperfine coupling constants of the SiC n H radicals smoothly decrease with chain length. The magnitudes of a Ϫ , b, and d within the three even-numbered chains, for example, decrease by about a factor of 2 with each additional C 2 unit-a trend to be expected if the unpaired electron is localized mainly on the silicon atom, since all of the hyperfine Estimated 1 measurement uncertainties are 2 kHz. Observed minus calculated frequencies ͑O-C͒ are derived from the constants in Table III. coupling constants except b F are proportional to the radial expectation value ͗1/r 3 ͘ of the unpaired electron. The SiC n H constants are also comparable in magnitude ͑within a factor of 2͒ with those determined for the isovalent C nϩ1 H chains, 28 suggesting that these closely related molecules may have similar chemical bonding.
IV. DISCUSSION
A number of further investigations are suggested by the present work. The missing radical in the series, SiC 3 H, should be detectable by FTM spectroscopy because lines of SiC 5 H are observed with a signal-to-noise ratio of better than 20 in a few minutes of integration in our spectrometer, and the rotational constant of SiC 3 H can probably be estimated to within a few percent by extrapolation from SiC 5 H. Because lambda doubling is unresolved in the lower X 2 ⌸ 3/2 fine structure ladder of SiC 5 H, the rotational transitions of SiC 3 H should consist of tightly spaced hyperfine doublets that are harmonically related by half-integer quantum numbers.
Because rotational lines of SiCN are so strong in our FTM spectrometer, longer such chains are good candidates for detection. By analogy to the other chains detected here, one might expect the ground states of the SiC n N radicals to alternate with chain length, those with an even number of carbon atoms having negative spin-orbit coupling constants and inverted 2 ⌸ ground states, and those with an odd number of carbon atoms-like SiCN-having positive spin-orbit coupling constants and regular 2 ⌸ ground states. Although there are no theoretical calculations beyond SiCN to guide laboratory searches, rotational constants of SiC 2 N and longer chains can probably be estimated to within a few percent from the isovalent SiC n H species; like SiCN, many of these molecules are probably fairly polar. Each chain also has a fairly unique spectroscopic signature to aid identification: the nitrogen hyperfine structure that can be generally be estimated to better than 10%.
Now that linear isomers of several SiC n H species have been found, one wonders if other isomers might be detectable with our present instrument. Both C 3 H and C 5 H possess two low-lying isomers, a linear chain 25, 35 and a planar ring, 36, 37 which have been detected at centimeter wavelengths. By analogy, the isovalent SiC 2 H and SiC 4 H radicals might also possess low-lying cyclic forms ͑Fig. 5͒, especially so because of the tendency of silicon to prefer single rather than double or triple bonds and thus to form ring isomers fairly readily. Two theoretical calculations on SiCCH 21, 22 appear to confirm this conjecture. Largo-Cabrerizo and Flores, 21 for example, find that a cyclic isomer of 2 AЈ symmetry is only 4.5 kcal/mol above the linear ground state at Table III. the fourth-order Møller-Plesset level of theory. Still higherlevel calculations of the structures, electric dipole moments, relative energies, and barriers to isomerization of the SiC 2 H and SiC 4 H isomers are desirable before undertaking additional laboratory searches. Rotational lines of several of the present silicon-carbon radicals are so intense that it may be possible to determine structures for some of these molecules by isotopic substitution. It would be interesting to see if the bonding along the heavy atom backbone is predominantly cumulenic or acetylenic, and to better understand if this bonding differs from either the closely related silicon-carbon SiC n chains or the isovalent acetylenic free C nϩ1 H radicals. Experimental structures of the SiC 4 and SiC 6 chains, 38 for example, were recently determined by isotopic substitution, and the bonding was found to be essentially cumulenic along the entire chain, even between the Si and the adjacent C atom. In addition to structural data, isotopic studies of the SiC n H radicals would also allow one to determine the 13 C hyperfine coupling constants at each carbon position, thereby yielding information on the distribution of the unpaired electron spin density along the chain. 39 SiC 3 H and SiC 5 H might possess strong electronic transitions in the visible because the isovalent C 4 H and C 6 H chains have strong bands near 4200 ͑Ref. 40͒ and 5260 Å, 41 respectively, and because the shorter chain SiCH has a number of bands between 6000-8500 Å that have been detected by laser-induced fluorescence. 15 Cavity ringdown spectroscopy ͑CRDS: Ref. 42͒ would seem to be the technique of choice for two reasons: ͑i͒ the fluorescence quantum yield is likely to decrease rapidly with chain length; C 4 H, for example, only weakly fluoresces and C 6 H has only been observed by CRDS; and ͑ii͒ the specific abundance of SiC 5 H in our molecular beam is greater than 10 9 molecules/pulse ͑on the assumption that the molecular dipole moment is one Debye͒, an adequate number density for detection by CRDS.
Several of the silicon-carbon chains here are plausible candidates for astronomical detection because of the detection with a radio telescope of SiCN, 14 and because all are probably quite polar. The astronomically most relevant transitions of SiCCH and SiNC are listed in Table III and those of the longer chains described here have either been measured directly or can be calculated to better than 1 km sec Ϫ1 ͑3 ppm͒ in equivalent radial velocity below 50 GHz. After SiCN, SiNC would appear to be the next best candidate for astronomical detection because it is nearly isoenergetic with SiCN and its dipole moment is only slightly smaller ͑2.0 D vs 2.9 D͒. With the large and sensitive radio telescopes that are now available, dedicated searches may be all that are required to detect several of these new silicon-bearing radicals in cosmic sources.
